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Abstract
The focus of the study is to explore aerodynamic aspects of cooling airflow. As a result
of this study, an efficient multi-domain aero-thermal model was developed to analyze the
cooling drag of a generic passenger vehicle. Cooling drag is described as the additional force
that the production vehicle has to overcome while moving in comparison to the force if all the
openings were closed. Though this model was developed based on the sedan class vehicle, the
applied methodology could be generalized for other ground vehicle types. As a part of the
presented model, a unique simplified geometric model is developed around manufacturers’
specifications to closely mimic the production vehicles. The behavior of overall drag and cooling
drag were analyzed with respect to vehicle speed, coolant flow rate in the radiator and rotation
speed of the radiator fan. Consequently, a simplified radiator model was designed to
accommodate the multi-domain CFD modeling instead of placing a porous medium to provide
flow impedance. Obtained results were compared with published reports for similar class
vehicles and were validated by the grid independence tests and a wind tunnel test. The model
developed in this study can act as a starting point to investigate cooling drag relations with
other variables such as inlet-outlet ratio, placement of engine bay components and so on.
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Nomenclature

CD

Drag coefficient

CCD

Cooling drag coefficient

CD,BD

Drag coefficient of bluff-body model,

CD,DB

Drag coefficient of detailed-body model

Cp

Pressure coefficient

Cf

Friction coefficient

Fmodel

Drag force applied on the scaled model

Fapplication

Drag force applied on the application model

L

Length of the mockup vehicle

W

Width of the mockup vehicle

H

Height of the mockup vehicle

vmodel

Stream velocity of the scaled model

vapplication

Stream velocity of the application model

κ

Turbulent kinetic energy

µa

Dynamic viscosity of the application model free stream

µm

Dynamic viscosity of the scaled model free stream

ꜫ

Turbulence dissipation rate

ρ

Density
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1. Introduction
Aerodynamics of passenger vehicles is an active research area in both academia and autoindustry to achieve better fuel economy. This drive to achieve improved aero-performance has
guided the design preferences in the automobile industry and generated relatively streamlined
production vehicles than their predecessors. For example the vehicle front-end has evolved in a
fashion that contains aerodynamic design features both on the exterior and the interior. One of
the factors that influenced this particular change is the cooling airflow. This cooling airflow goes
into the engine bay through the front openings and leads to a complex aero-thermal
phenomenon that induces positive drag force.
Overall drag force is the force exerted by the air on the car in the opposite direction to the
motion of the vehicle. Drag force is directly related to the surface area, fluid density, fluid
velocity and drag coefficient. The formula presented in equation (1) explains the relation of
drag force, FD with the other variables.
𝐹𝐷 = 𝐶𝐷 𝐴

𝜌𝜐2

(1);

2

Here,
FD = Drag force (N)
CD = Drag coefficient
A = Surface area projection in the direction of the force (m2)
ρ = Density of the air-stream (kgm-3)
v = Relative velocity of air-stream (ms-1)
11

As a dimensionless parameter, drag coefficient acts as a reference point to compare among
different car models. A study by Hucho, W., and Sovran, G [42] reports the drag coefficients of
the sedan class vehicles to be in the range of 0.3 to 0.4. Since drag force is one of the forces to
overcome, lower drag coefficient leads to better fuel economy. Another study by Desai, M. et
al. [10] estimates that a reduction of 0.1 in drag coefficient value at freeway speed (70 mph)
will result in saving $1 ~$1.5 billion US a year in terms of fuel expenditure. As a result of
reduced fuel comsumption, the carbon footprint from the vehicles with lower drag coefficients
should become smaller as well. This makes a strong argument for building cars with lower drag
coefficient.
Cooling drag of passenger cars is an integral part of the overall drag analysis, which can
significantly impact the aerodynamic performance of the vehicle. Cooling drag is defined as the
difference in overall drag force of a production vehicle and drag force on the same vehicle with
all the openings closed. A study by Kuthada, T., and Wiedemann, J. [3] reported that cooling air
flow contributes as much as 12% of the overall drag in a passenger car. Another study by Jama,
H. et al. [18] reported that the cooling system of a typical passenger vehicle produces 6 -10% of
the overall drag. These findings make cooling drag an important source of the overall drag.

Cooling drag is generated from the incoming airflow interacting with the engine
components such as radiator, engine block, transmission, condenser, air-intake in the engine
bay. These components are positioned right after the front grille openings in most of the front
wheel drive (FWD) vehicles. On top of that, noise cancellation reinforcements and heat shield
installations protecting the vehicle computers make the engine bay design very compact.
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Within this maze of the engine bay, the cooling airflow must effectively cool the radiator
and other components of the car in order to maintain safe operating conditions and desired
performance. All of these create the conditions to generate the cooling drag phenomenon. This
complex aero-thermal situation and the compact volume of the engine compartment make the
numerical analysis very challenging in terms of modeling in the solver platforms.
The stream of air that hits the front of the vehicle as it moves down the road is often
referred to as ram air in the literature. As the ram air passes through and around the vehicle, a
highly interactive interference field becomes active in the engine bay. This inteference field is
influenced by all the moving parts such as wheels, radiator fan, belts and high temperature
operating conditions. The interference effects result in flow separation, recirculations and
localized vortices inside the engine bay as the surrounding flow patterns develop within the
complex. When this air spills out of the front engine bay, it creates further interferences with
the external air stream. These phenomena contribute towards the overall drag of the car and
the resulting force is identified as the cooling drag force.
Among the wide categories for passenger cars, the sedan is a very popular genre across the
globe due to its versatility in day-to-day usage and fuel economy. In this study, the sedan class
vehicle is selected to represent the generic passenger car. The sedan class vehicle comprises of
three boxes or compartments; engine, passenger and cargo. This combination has been popular
worldwide since its introduction in the early 1900s. Recent car models of the sedan class reflect
more aerodynamic design characteristics compared to the earlier generations’ models. By
observing this trend in design preferences, it can be said that the intention to gain aerodynamic
advantage is one of the driving forces that helped the car design to evolve.
13

Extensive studies are being done both in the academic and industrial domain to push the
boundaries for more aerodynamic models. To evaluate the aerodynamic performances of
different cars, full-scale models and scaled models were put to wind tunnel tests in different
facilities which are elaborated in Chapter 2. Learning from these experimental tests, many
production vehicles adopted aerodynamic features as minute as strategically placed vortex
generators. The advent of CFD solvers introduced a quicker and a cost-effective way to explore
the performance variables for design optimization. As a result, in recent times the automotive
industry and its consumers have seen a revolution of more streamlined models for day-to-day
use.
The focus of this study is to explore the behavior of cooling drag and its interactions with
vehicle speed, coolant flow rate and radiator-fan rotation speed. By doing so, the aim is to
establish an accepted study approach to further analyze the cooling drag phenomenon. For
this purpose, a generic passenger car of the sedan class was modeled in CAD, and multidomain numerical analyses using computationa fluid dynamics (CFD) were carried out. To
validate the results, grid independence tests were carried out to select acceptable mesh model
for the study. In addition, wind tunnel tests were conducted for a scaled model. Also, the
results from present study were compared against published reports from industry and
academia. This validation process is discussed in detail in Chapter 6.
For numerical analysis, generalizations of the model details and boundary conditions were
adopted to simplify the study which are discussed in depth in Chapter 5. The geometric
modeling was built in SolidWorks® and the numeric solver used for the present study is STARCCM+®. An educational wind tunnel by AEROLAB LLC© was used for experimental tests.
14

In short, this study presents an effective method to study cooling drag with aero-thermal
analysis in the numeric solver. This approach accommodates the simultaneous solution of
cooling drag phenomenon and a limited heat management and. Though the work is based on
cooling drag for generic passenger vehicle, the methodology can be adopted for other classes
of ground vehicles.
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2. Literature Review
The present study aims to analyze the nature of cooling drag with respect to a variation of
vehicle speed, coolant flow rate in the radiator and rotation speed of the radiator fan . Similar
studies can be found in the literature which explored the behavior of cooling drag in terms of
the relation between the cooling drag and applicable operating conditions such as wheel
rotation, ground simulation, geometric configurations and so on. Most of the industrial studies
are kept confidential due to the sensitive nature of the product information where the model
details are manufacturer specific, not generic. In academia, generic vehicle models are widely
used as well as production vehicle models which are industry sponsored. In this chapter, the
literature review is discussed which are most relevant to the present work.
Wickern, G., et al. [1] worked with 30 vehicles in an experimental setup to find the influence
of ground simulation on cooling drag. They concluded that having proper ground simulation or
rotating wheels with moving ground is crucial to determine the accurate drag values. According
to this study, spillage drag associated with outlets positioned near the wheel cavity or wheel
well is strongly related to the relative wheel positions. The authors reported the cooling drag
for the sedans to be lower with ground simulation compared to the stationary ground cases.
Wäschle, A. [2] carried out both numerical and experimental studies to understand the
effects of rotating wheels on the overall vehicle aerodynamics. Few variations of rim geometry
were put to test with and without the car body. As a conclusion, the author placed higher
importance on having wheel rotation included in the study to determine the correct drag values
because the difference in the flow structures of the wake zone was significant for including the
wheel rotation in comparison to that of the stationary wheels.
16

Kuthada, T., & Wiedemann, J. [3] carried out both experimental studies and numeric
simulations to assess the cooling airflow under road simulation conditions. In the experimental
setup, a boundary layer control system was present, in addition to the rotating wheels, and belt
system. The belt system ran at the applied stream velocity in the test section to capture the
effects of the moving ground. This advanced setup allowed their study to achieve a more
realistic boundary layer treatment in the experimental runs. Based on the results, the authors
concluded that the ground simulation is essential for determining the correct drag value. They
recommended including the under-hood components in the future studies. In their study, the
reported experimental drag and lift values were found to be more than that of the CFD results.
The take-away from this study for the present work is that the under-hood geometry is
important to determine the accurate cooling drag value and the experimental results deviated
from the numerical solution by some margin.
Baeder, D., et al. [20] conducted numerical analyses to study variations of pressure
distribution on the surfaces of a generic body along with modifications. In this attempt to
characterize the interference flow structure, the authors concluded that the mass flow rate
needs to be considered for cooling air outlet design as the mass flow rate is directly related to
pressure distribution over the vehicle surfaces. The pressure distribution over surfaces is
important becasue it reflects the flow structures around them; thus helps to analyze the
sources of drag.
Zhang, C., et al. [5] conducted 3D CFD analyses for a production vehicle in STAR-CCM+
which is also the numeric solver for the present study. The focus of their study was the cooling
airflow interactions with different inclinations of the radiator, variation of duct geometry and
17

grille openings. To evaluate the effective thermal management in the radiator, uniformity of
flow, and total mass flow rate were identified as the key parameters. The authors
recommended wider grille pattern since it produced relatively uniform flow passing through the
radiator with minimal design change in the car geometry. The authors added, appropriate duct
designing should be the way to achieve improved flow conditions inside the engine bay to gain
control over the total airflow through the compact under-hood.
Zhang, C., et al. [21] is a continuation of the numerical study done by Zhang, C., et al. [5] and
reconfirms the findings that inclined position of the grille is a better choice for more effective
radiator performance. The authors reported that sealing off the side grilles with lower but
wider grille pattern in the center yields optimum airflow into the engine bay area.
Kim, J. M., et al. [6] conducted a numerical study focused on grille openings specifically with
the same production vehicle model as Zhang, C., et al. [21] studied. In their study [6], the grille
pattern was honeycomb and five dimension parameters were identified for different grille
configurations. The authors [6] compared the trends of flow behaviors and variations among
the different configurations of the grille and the baseline model. Their [6] recommendation was
to reposition the front lower grille by a small distance to gain increased radiator airflow which
also increased the drag by a small increment.
Khaled, M., et al. [7] conducted experimental study of the under-hood thermal
management. In their study, the under-hood components were positioned in an asymmetric
orientation to represent the asymmetry of the production vehicle components. This study
considers and compares three successive phases such as constant speed driving, slow down and
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thermal soak phase which are determined from the nature of heat convection in the engine
bay. In another study by Khaled et al. [9], the thermal behavior and aerothermal conditions
were analyzed by using active deflectors for compartmentalization in the engine bay. Following
up, Khaled et al. [44] conducted experimental studies on full-size radiators with water as
coolant with different flow rate. In this study [44], effects of cooling fan speed were also
explored. In another study by Khaled et al. [29], the effect of car inclination to the aero-thermal
situation was studied. Khaled et al. [8] carried out experimental study with 49 configurations
which comprised of different types of cooling airflow outlets, different ratio of inlet-outlet,
different combination of outlets, different positions of outlets and different engine block
positions. The authors [8] recommended to have outlets in the underbody side of the engine
bay. In addition they [8] suggested to include vertical air outlet opening for an optimal solution.
All of these studies [7, 9, 44, 29, 8] also claim to have generated a large experimental database
which can be used for validation of the CFD results for thermal prediction in the engine bay. But
this database is not an open-source material.
As a retrospect to the literature review done for the present study, Table 1 and Table 2
show research focuses of the studies reviewed as a part of the present work. To draw a
comparison, few key variables were identified such as wheel rotation, ground simulation, sedan
model, CAD model, flow – external/internal, numerical analysis, experimental test setup, heat
transfer analysis, radiator model, radiator fan, and cooling drag.
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Table 1: Literature review summary - 1

20

Table 2: Literature review summary – 2

21

From Table 1 and Table 2, it is clear that investigating the behavior of cooling drag led
researchers in different directions; which can mainly be divided into numerical analysis and
experimental analysis. Compared to experimental approaches, three dimensional numerical
analysis is relatively new which evolved with the computational capabilities. At present, three
dimensional numeric analysis has become an integral part of the research work because CFD
platforms or numerical solvers offer great flexibility in terms of exploring a wide range of cases
with given resources and time. Even so, numeric solvers are limited by computational power
and prediction to a certain extent. As a result, experimental study is still considered to be an
irreplaceable part of aerodynamic research work which is supported by numerical analyses.
It can be summarized from the literature review that because of the complexity involved in
production car modeling in numeric solvers, simplified generic studies are more common than
exact models. Sometimes, strategic choices are made for a particular research based on its
focus. For example instead of transient study, steady-state analysis is selected in order to
reduce the computational time significantly. This also increases the capability to probe the
wider spectrum of the problem set with given resources. Experimental studies and
computational studies evolve in parallel; receiving feedback from the numeric solver. This
process is very important to the auto-industry as it drastically improves the overall design
development time of the production vehicles.
The variables acting as the source of cooling drag are flow uniformity in the engine bay,
ground simulation, wheel rotation, radiator fan rotation speed, internal geometry of the engine
bay, air-inlet and air outlet. Since radiator cooling in the gas-driven cars is one of the key
reasons for the front opening, required heat management is also a crucial point of interest.
22

From the literature review, the following rationale can be summarized for the present
study.


The overall flow topology is developed as an interaction of the internal flow of the
engine bay and the external flow [3].



Ground simulation and wheel rotation is crucial for determining accurate cooling drag in
cars and for capturing true flow behavior [1, 2, 12].



Interference effects such as flow separation, re-circulation of air, and spillage define the
flow topology; which can be unique in a particular case [5].



Under-hood aero-thermal management and cooling airflow directly affect the flow
structure in the wake zone of the vehicle [21].



Convective and radiative heat transfer entails complex aerothermal conditions [8].



In numerical analysis, radiators are modeled as a porous medium to provide flow
impedance [5, 21].



Flow uniformity and mass flow rate in the regions of interest are compared to evaluate
heat transfer performance [5, 21].



The actual coolant flow inside the radiator is not combined in the numeric solver to
reflect on cooling drag phenomenon.

23

3. Scope of Present Work
The focus of the present work is to explore the effects of vehicle speed, coolant flow rate
and radiator fan speed on cooling drag and overall drag value. Based on the literature review, it
is prominent that improving the overall drag value of the vehicle is of special interest to the
auto industry. Since cooling drag is one of the major sources for overall drag, more in-depth
study is required to explain the phenomena. One of the key objectives of this work is to present
an approach to study cooling drag, which enables the researchers to incorporate with heat
transfer phenomena with a multi-domain model in the numeric solver. This will require
benchmarking the modeling definitions along with validating the results. In order to meet the
requirement, the following set of objectives are set for the present study.


Develop generic geometric models,



Develop appropriate CFD models,



Validate the methodology and results by
a. Grid independence tests,
b. Comparison with published reports,
c. Wind tunnel tests with a scaled model,



Run cases at different
a. Vehicle speeds,
b. Coolant flow rates,
c. Radiator fan rotation speeds,



Apply convection heat transfer for multi domain model,



Analyze and compare results of test cases.
24

The uniqueness of the present study lies within creating an approach to study both
aerodynamics and heat transfer with a generic model. Due to the complex definition of the
presented problem, modeling it in the numeric solver is very challenging. Two variations of
generic geometric models for the passenger vehicle was developed to determine the cooling
drag coefficient in the present study. These variations are named “bluff body” and “detailed
body”. Equation (2) defines the cooling drag coefficient with respect to the drag coefficients of
bluff body and detailed body.
CCD = | CD,BD - CD,DB |

(2)

Where,
CCD

= Cooling drag coefficient,

CD,BD

= Drag coefficient of bluff body model,

CD,DB

= Drag coefficient of detailed body model.

a. Bluff body: This variation will have only external flow and serves as a benchmark to
determine cooling drag value for the other models.
b. Detailed body: This variation will have both internal and external flow. Detailed body
model includes generic shapes to represent the engine bay components.

25

Two geometric variations for the present study; bluff-body model and detailed-body
model are presented in Figure 1 and Figure 2. Each of the models’ design details is discussed in
the Chapter 5.

Figure 1: Bluff body model

Figure 2: Detailed body model
26

To simultaneously analyze the coolant flow inside the radiator and free air stream in the
numeric solver, a multi-domain model was developed. The wheels and the radiator fan were
rotated while the ground was moving at the vehicle speed. The vehicle speeds were selected to
be 87 mph, 70 mph, 50 mph and 30 mph to cover the city speed limits and freeway speed limit
in United States. The selection of 87 mph is made to compare the results with a published
report from Ford Motor Company. The blockage ratio is obtained from the ratio of the frontal
projection area of the vehicle to the cross sectional area of the test section in experimental or
virtual wind tunnel. According to a study by Baeder, D., et al. [20], 5% or less blockage ratio is
acceptable for numerical and experimental studies. So, 5% blockage ratio was selected for the
numerical analyses and experimental runs in the present study. For the radiator fan rotation
speed, 2000 rpm and 1500 rpm were selected to draw relevance to a study by Khaled, M., et al
[44] and Zhang, C. et al [5, 21]. The selection of mesh for the cases are discussed in Chapter 6.
The cases studied in the present work are listed with a simulation number in Table 3 and
Table 4. The columns in both tables identify each case with vehicle speeds, blockage ratio, mesh
concentration, wheel rotation condition, coolant flow rate and radiator fan speed. The cases
are grouped based on their objectives and model involved; bluff body and detailed body.
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18
19
20
21
22
23
24
25
26
27
28
29
30

Objective

Mesh

Fan
speed
(rpm)

87

5%

Mesh_1
Mesh_2
Mesh_3
Mesh_4
Mesh_5
Mesh_6
Mesh_7

Wind tunnel
feasibility
analysis

87

10%
15%
20%
25%
30%
35%

Mesh_6

NR

N\A

N\A

Determining
drag value

87
70
50
30

5%

Mesh_6

R

N\A

N\A

Validation
against
published
data

87

5%

Mesh_6

NR

N\A

N\A

5%

Mesh_6

R

8

2000

5%

Mesh_6

R

12

2000

5%

Mesh_6

R

8

1500

Grid
independence
tests

87
70
50
30
87
70
50
30
87
70
50
30

Cooling drag
and vehicle
speed effect
Coolant flow
rate effect

Fan rotation
effect

NR

N\A

N\A

Abbreviations in Table 3 are elaborated as
NR

: Not rotating,

R

: Rotating,

28

N\A

: Not applicable.

Bluff body

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Speed Blockage
(mph)
ratio

Detailed body

Simulation
No.

Coolant
flow rate
Wheels
(liter/
minute)

Model

Table 3: List of cases – numerical analysis

In Table 4, the speed of the experimental study case and corresponding simulation case are
derived from the similitude law for the scaled model. For the experimental setup used for the
present study, maximum possible test section speed was 83.221 mph which was equivalent to
3.641 mph for full scale model in the numeric solver. This derivation and similitude law are
discussed in Chapter 6.
Table 4: Experimental validation cases

Simulation
No.

Study

Model

Coolant
Fan
Blockage
flow rate
Mesh Wheels
speed
ratio
(liter/
(rpm)
minute)

Speed
(mph)
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EXP

BB3D

83.221

5%

N\A

NR

N\A

N\A
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NUM

BB

3.641

5%

Mesh_6

NR

N\A

N\A

Abbreviations in Table 4 are elaborated as
EXP

: Experimental study,

NUM : Numerical study,
BB3D : Bluff body 3D-printed,
BB

: Bluff body,

N\A

: Not applicable,

NR

: Not rotating.
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4. Theoretical Background
The govering equations and theories applied in the numerical study are discussed with
relevance to the numeric solver physics. In the following sections of this chapter, the
theoretical background relevant to the present study are discussed. The equations are collected
from a book by Versteeg, H. K., and Malalasekera, W. [57] and the database of STAR-CCM+
version 13.04.011 which is the the numeric solver used for the present study. This solver can
simulate internal and external fluid flow problems by solving the governing equations and
offers a flexible platform to replicate different environments and boundary conditions as
required. For this reason it is widely accepted in the industry and academia for CFD analysis. [5,
21, 22]
4.1 Conservation of Mass
The conservation of mass states that mass can neither be created and destroyed. This
law is applied to make sure total mass flow through each domain stays the same under the
applied boundary conditions.
𝜕𝜌
𝜕𝑡

+ ∇. (𝜌𝑣⃗) = 0

(3);

Where
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 (𝑘𝑔𝑚−3 );
𝑣⃗ = 𝐹𝑙𝑢𝑖𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚𝑠 −1 )

30

4.2 Conservation of Momentum
Conservation of momentum states that the time rate change of linear momentum has
to be equal to the acting resultant forces [57]. Example of body forces are gravitational force,
centrifugal forces, surface forces. For angular momentum, the stress tensor needs to be
symmetric. The stress tensor is often written as a sum of normal stresses and shear stresses.
⃗⃗)
𝜕(𝜌𝑣
𝜕𝑡

+ ∇. (𝜌𝑣⃗⨂𝑣⃗) = ∇. 𝜎⃗ + ⃗⃗⃗⃗
𝑓𝑏

(4);

⃗⃗
𝜎⃗ = −𝑝𝐼⃗ + 𝑇

(5);

Where,
⨂ = 𝑂𝑢𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
⃗⃗⃗⃗
𝑓𝑏 = 𝑅𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑜𝑓 𝑏𝑜𝑑𝑦 𝑓𝑜𝑟𝑐𝑒𝑠 (𝑁)
𝜎⃗ = 𝑆𝑡𝑟𝑒𝑠𝑠 𝑡𝑒𝑛𝑠𝑜𝑟 (𝑃𝑎)
𝑝 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎)
⃗⃗ = 𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑠𝑡𝑟𝑒𝑠𝑠 𝑡𝑒𝑛𝑠𝑜𝑟 (𝑃𝑎)
𝑇
𝐼⃗ = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑣𝑒𝑐𝑡𝑜𝑟
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4.3 Conservation of Energy
The first law of thermodynamics states that the total energy of an isolated system is
constant; energy cannot be created or destroyed; energy can transform from one form to
another.
𝜕(𝜌𝐸)
𝜕𝑡

+ ⃗∇⃗. (𝜌𝐸𝑣⃗) = ∇. (𝑣⃗. 𝜎⃗) + ⃗⃗⃗⃗
𝑓𝑏 . 𝑣⃗ − ⃗∇⃗. 𝑞⃗ + 𝑆𝐸

Where
𝐸 = 𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 (𝐽)
𝑞⃗ = 𝐻𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑊𝑚−2 )
𝑆𝐸 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐽)
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(6);

4.4 Equation of State
This describes the relationship between the density and internal energy to two basic
thermodynamic variables pressure and temperature. The equation of state for the simulation
carried out in this study was selected to be constant density and ideal gas for the air-stream
domain. For the present study, air-stream velocity is under Mach number 0.3 where the
variation in density is negligible. Also, the ideal gas model in STAR-CCM+ is accurate over a large
range of temperature and pressure. For the coolant, Newtonian fluid model was picked with
constant viscosity where the shear stress and the shear rate is linear.
𝑃𝑉 = 𝑛𝑅𝑇

(7)

Where,
P = Pressure (Pa)
V = Volume (m3)
n = Number moles of any gas (mol)
T = Temperature (K)
R = Gas constant (J.K-1.mol-1)
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4.5 Turbulence Modeling
RANS (Reynolds – Averaged Navier-Stokes) turbulence models are applied in the
numeric solver for turbulence Modeling. To obtain RANS equations, each solution variable 𝜑 in
the instantaneous Navier-Stokes equations is decomposed into its mean value 𝜑 and its
fluctuating component 𝜑′.
𝜑 = 𝜑 + 𝜑′

(8);

Where
𝜑 represents velocity components, pressure, energy, density.
The Navier-Stokes equations are essentially identical to the conservation of mass,
conservation momentum equations except for an additional term in the momentum equation.
This term is known as Reynold stress tensor (Tt) and RANS equations are defined as:
𝜕𝜌
𝜕𝑡

+ ∇. (𝜌𝑣⃗) = 0

⃗⃗)
𝜕(𝜌𝑣
𝜕𝑡

(9)

⃗⃗ + 𝑇
⃗⃗𝑡 ) + ⃗⃗⃗⃗
+ ∇. (𝜌𝑣⃗⨂𝑣⃗) = −∇. 𝑝𝐼⃗ + ∇. (𝑇
𝑓𝑏

𝑢′𝑢′ 𝑢′𝑣′
𝑇𝑡 = −𝜌 ( 𝑢′𝑣′ 𝑣′𝑣′
𝑢′𝑤′ 𝑣′𝑤′

𝑢′𝑤′
𝑣′𝑤′ )
𝑤′𝑤′

(10)

(11)

The Reynolds stress tensor (Tt) is defined in terms of mean flow quantities in equation
(11). To model the Reynold stress tensor as a function of mean flow quantities, Boussinesq
approximation is used in the STAR-CCM+.
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Eddy viscosity model is used to solve turbulence in STAR-CCM+. Eddy viscosity models
are based on the analogy between the molecular gradient-diffusion process and turbulent
motion. In order to derive turbulent viscosity, 𝜇𝑡 eddy viscosity models in STAR-CCM+ solve
additional transport equations for scalar quantities. The model used in this study is K-ϵ (KEpsilon).
𝑇𝑡 = 2𝜇𝑡 𝑆 −
𝑆=

1
2

Where

2
3

( 𝜇𝑡 ⃗∇⃗. 𝑣)𝐼⃗

(11)

𝑇

⃗⃗ 𝑣 + ∇ 𝑣 )
(∇

(12)

𝜇𝑡 = 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑒𝑑𝑑𝑦 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑚2 𝑠 −1 )
𝑣 = 𝑀𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚𝑠 −1 )
𝑆 = 𝑀𝑒𝑎𝑛 𝑠𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑡𝑒 𝑡𝑒𝑛𝑠𝑜𝑟
The K-ϵ model is a two-equation model to solve for turbulent kinetic energy, 𝜅 and the

turbulent dissipation rate, 𝜀. Out of the six variants available, “Realizable K-Epsilon Two-Layer”
model (RKE 2L) is selected. This selection adds the flexibility of an all 𝑦 + wall treatment. The
Two-Layer approach divided the computation into two layers; one next to walls in terms of wall
distance and other one far from the wall. The ϵ values near the wall layer are blended smoothly
with the values computed from the transport equation solutions from far the wall. This
dimensionless parameter 𝑦 + indicates the accuracy of the solution for the near boundary wall
layers.
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4.6 Thermal Modeling for Segregated Flow
This section describes the segregated fluid energy models and the energy solver in the
STAR-CCM+. There are three segregated fluid energy models available out of which “Segregated
Fluid Enthalpy” model is selected. Other models are “Segregated Fluid Temperature” and
“Segregated Fluid Isothermal”. The “Segregated Fluid Enthalpy” model solves the total of
energy equation (13) with chemical thermal enthalpy as the solved variable. Temperature is
then computed from enthalpy according to the equation of state and by applying the
conservation of energy. For convection heat transfer, segregated fluid enthalpy model employs
a second order convection scheme, which introduces linear interpolation of cell values on
either side of the upstream and downstream face.

𝜕
∫
𝜕𝑡 𝑉

⃗⃗. 𝑣⃗𝑑𝑎 + ∮ ⃗⃗⃗⃗
𝜌𝐸𝑑𝑉 + ∮𝐴 𝜌𝐻𝑣⃗. ⃗⃗⃗⃗⃗
𝑑𝑎 = ∮𝐴 ⃗⃗⃗⃗⃗
𝑞 𝑛 . ⃗⃗⃗⃗⃗
𝑑𝑎 + ∮𝐴 𝑇
𝑓 . 𝑣⃗𝑑𝑉 + ∮𝑉 𝑆𝑢 𝑑𝑉
𝑉 𝑏

𝑝
𝐸 = 𝐻 − ⁄𝜌
𝐻 =ℎ+

(13)
(14)

|𝑣|2⁄
2

(15)

Where
E = Total energy (J)
H = Total enthalpy (J)
qn = Heat flux vector (Wm-2)
T = Viscous stress tensor (pa)
⃗⃗ = Velocity vector (ms-1)
v
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⃗⃗⃗⃗
𝑓𝑏 = Resultant of body forces (N)
Su = User defined engery source terms (W)
p = Pressure (pa)
h = Static enthalpy (J)

Some elements of the engine bay reach a considerably high temperature and participate
in heat transfer through radiation. Radiation modeling in the numeric solver requires
calculating configuration factor or viewing factor for each individual surface patch for the whole
domain. For the present study, due to the moving elements, configuration factors are
calculated for each iteration. At the same time, the minimum surface size is defined to be small
(5 mm) to capture the geometric details, which makes the calculation process computationally
considerably heavy. Due to the limitation of computational resources, radiation modeling was
not included in the present study.
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4.7 Wind Tunnel Test
The velocity in the wind tunnel setup is determined from the difference in pressure in a
manometer by using Bernoulli’s equation. This manometer is installed in the wind tunnel setup
to determine the upstream and downstream pressure difference. When the wind tunnel is not
operating, both water columns are equal and when the wind tunnel operates, there is a
difference in the water column heights. By using this velocity in the test section can be
determined from equation (16).
2𝑔∆ℎ (𝜌𝑚 − 𝜌)

𝑣 = √

Where,

(16)

𝜌

v = Velocity in the wind tunnel test section (ms-1)
g = Gravitational acceleration (ms-2)
Δh = Height difference in the manometer liquid columns (m)
ρm = Density of manometer fluid (kgm-3)
ρ = Density of air (kgm-3)
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According to Himeno, R., and Fujitani, K. [55], pressure drag accounts for more than 80% of
the overall drag where the rest of the drag consists of skin friction drag. From the wake rake
connected with the vertical manometer bank, coefficient of pressure in the wake zone of the
scaled model can be determined. The wake rake from AEROLAB LLC is closely placed small steel
orifice which can be placed in the wind tunnel test section. To determine the pressure this wake
rake must be placed directly towards the incoming flow. The wake rake is connected to the
manometer bank from where the pressure can be calculated. The formulation is presented in
equation (17) and (18).
𝐶𝑝 =

2∆𝑝

(17)

𝜌∞ 𝑣∞ 2

−ℎ𝑟𝑎𝑘𝑒 + ℎ𝑤𝑚

𝐶𝑝 = |

ℎ𝑤𝑚

|

(18)

Where,

Cp

= Pressure coefficient

ρ∞

= Density of the air stream (kgm-3)

v∞

= Velocity of the air stream (ms-1)

Δp

= Difference in pressure at the point where pressure is being measured
and the free stream pressure (Pa)

hrake

= Average water column height increase in the manometer bank (inch)

hwm

= Water column height difference in the wind tunnel manometer (inch)
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Similitude or similarity of a scaled model is achieved by geometric similarity, kinematic
similarity and dynamic similarity. Geometric similarity should be considered so that the scaled
model is large enough to capture real-life details and at the same time small enough to be free
from wall interference effects. To achieve similitude following scaling needs to be applied to
the test cases. According to similitude [57], the application model and the scaled model flow
conditions are determined from equation (19), (20), and (21).
𝜌

𝐿

𝜇

𝑣𝑚𝑜𝑑𝑒𝑙 = 𝑣𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 × (𝜌 𝑎 ) × (𝐿 𝑎 ) × ( 𝜇𝑚)
𝑚

𝜌

𝑚

𝑣

2

𝐿

𝐹𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝐹𝑚𝑜𝑑𝑒𝑙 × (𝜌 𝑎 ) × (𝑣 𝑎 ) × (𝐿 𝑎 )
𝑚

𝑅𝑒 =

𝑚

(19)

𝑎

2

𝑚

𝜌𝑣𝐿

Where

(20)

(21)

𝜇

vmodel

= Stream velocity of the scaled model (ms-1)

vapplication

= Stream velocity of the application model (ms-1)

Fmodel

= Drag force applied on the scaled model (N)

Fapplication

= Drag force applied on the application model (N)

ρa

= Stream density of the application model (kgm-3)

ρm

= Stream density of the scaled model (kgm-3)

La

= Length of the application model (m)

Lm

= Length of the scaled model (m)
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µa

= Dynamic viscosity of the application model free stream (Pa.s)

µm

= Dynamic viscosity of the scaled model free stream (Pa.s)

Re

= Reynolds Number

ρ

= Density of the fluid (kgm-3)

v

= Relative velocity of the fluid (ms-1)

L

= Characteristic linear dimension (m)

µ

= Dynamic viscosity of the fluid (Pa.s)

ν

= Kinematic viscosity of the fluid (m2s-1)
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5. CFD Modeling
5.1 Geometric Modeling
As mentioned previously, there are two geometric variations for the present study; bluffbody model and detailed-body model. Some of the key dimensions are presented in the
following sections. The width, ground clearances, tire width, radius, the height of the front end
and rear end are determined from various production vehicles. As they vary with a wide range
of values based on manufacturers and production models, the chosen dimensions are not
averaged rather fall within a very comparable range with production vehicle’s dimensions. [53]

Figure 3: Bluff body isometric view
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Figure 4: Bluff body dimensions-1 (unit: inches)

Figure 5: Bluff body dimensions-2 (unit: inches, degree)
The overall length of the model is 192.5 inch with a width of 72.5 inches and 57-inch
height with a wheelbase of 111.50 inches; these dimensions are the same in the detailed model
as well.
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To represent the production vehicles realistically while keeping the model generic, some
features are included such as the wheel arches, inclined underbody at the rear end. This feature
was introduced to capture the ground clearance difference from the front to the rear end. The
front wheel arch is designed to be slightly larger than the rear wheel arch.

Figure 6: Bluff body dimensions-3 (unit: inches)
However, the underbody is kept plain or smooth unlike the production vehicles to simplify
the geometry. For the detailed model, the front 60 inches of the bluff-body model is almost the
same on the exterior as the detailed-body model. In the production vehicles, the engine bay is
very compact and designed to optimize from aesthetics, engineering and manufacturing
standpoints. Therefore, detailed generic modeling requires categorizing the elements
depending on the nature of the study.
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A study by Khaled, M., et al. [40] categorizes the under-hood components in terms of
aerothermal implications into three orders; high, medium and low aerothermal implication. The
detailed-body model for the present study is designed considering the components with the
high and medium aerothermal implication such as air inlets, air outlet, radiator, radiator fan
and shroud, block for exhaust manifold, block for engine, fluid tanks, battery and headlights. By
including these components in the detailed body model, this model falls in the detailed
geometric model category [40]. The positions of the different components inside the engine
bay for the detailed-body model were selected in a fashion that creates an asymmetric internal
flow field. The ratio of inlet-outlet in the detailed model presented here is about 6:10 ratio.
Figure 7 illustrates a transparent perspective view of the detailed-body model for the present
study.

Figure 7: Detailed body model – transparent (engine bay) isometric view
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According to Khaled, M., et al. [40] the grille patterns in general, is a combination of two
types, high grille and low grille air intake. In the present study, the grilles are combined
together and the grille straight bars running across the width of the vehicle and chamfered to
provide intake inclination. Since this stays the same for all the variations, the angle and shape
of the grille design should have enough influence to reflect in the results. In production
vehicles, grille cross sections are aerodynamically inspired by NACA profiles. Figure 8 illustrates
the components in the detailed model in an exploded fashion. Figure 9 shows the dimensions
of the front grille opening.

Figure 8: Detailed model exploded view
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Figure 9: Front grille (unit: inches)
The radiator in a production car usually has vertical tubes with thin aluminum or copper
fin welded in the space in between. This strategy makes the heat transfer area larger but to
model this for the numeric solver is very expensive computation wise. Radiators also come as a
module including fan assembly and transmission cooling unit built inside in most of the recent
models. In order to simplify for the present study, the transmission cooling unit is not included
and the overall design of the radiator is changed. To maintain the mass balance in the two
domains with common interfaces, the special design was adopted for the radiator, which is
shown in Figure 10 and Figure 11. The coolant inlet and outlet of the radiator were modeled
such that the coolant mass flow stays separate from the flow of air stream in the global domain
of simulation volume.
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Figure 10: Radiator design

Figure 11: Radiator internal design - partial view
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Figure 12: Radiator dimensions (unit: inches)
Original equipment manufacturer (OEM) radiator models are made with vertical columns
for coolant flow and very thin aluminum mesh acting as thermal fins. The thermal resistance is
very low as the thickness of the thermal fins are less than 1 mm [56, 59] and the thermal
conductivity is very high. In the present study, the radiator model is simplified where the
radiator wall is designed as a surface instead of a solid model; thus avoiding the necessity third
domain in the numeric solver. In addition, introducing the very thin metal domain requires not
only a finer mesh modelling but also solving the heat diffusion equation in that domain, which
demands significantly more computational time with the available resources.
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So, the radiator wall was designed as a single surface with no material thickness. In the
multi-domain modeling, identical surfaces were created to act as interface between the air
domain side and coolant side. The overlaying surfaces were defined as no slip for in-place baffle
interface with a thermal resistance of 1x10-6 m2-K/W.
Instead of the aluminum/copper fin, open channels of 0.25 inch was designed for the
coolant flow. The inlet and outlet diameter is 1.36 inch and distance between 0.63 inch wide
vertical columns are also 0.63 inches. Total surface is of this radiator model is 2688.55 inch2 or
1.74 m2 approximately. Total volume inside is 730.86 in3 or 11.977 liters or 3.164 US gallon.
According to the manufacturer specifications of a radiator [56] [59] for a sedan class vehicle,
the dimension considerations are closely matched for generic modeling.
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The fan model is placed right after the radiator and a shroud is placed to guide the
airflow into the engine bay. Net airflow through a fan is determined by the fan curve for
different speeds. Fan and shroud come in a single unit for different vehicles based on their
engine requirement for optimized cooling performance. The position of fan and number of fans
also vary from one model to another. For the present study, a single fan model was designed
similar to the production vehicles along with a shroud, which is shown in Figure 13.

Figure 13: Fan model and shroud
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Figure 14 presents a side view and top view of the components in the engine bay, where
the relative placements can be noticed. For the detailed model, an opening of 12” x 8“ is
introduced with a 60-degree angle to represent the opening for transmission. In Figure 12, the
details of all the outlets are illustrated.

Figure 14: Detailed model dimensions (unit: inches)
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For both of the models described so far, a wind tunnel like simulation space was designed
for the numeric solver. Blockage ratio is about 5%, which is an acceptable selection [20] for
virtual wind tunnel modeling which accounts for minimal boundary layer effects. The width of
the virtual wind tunnel is almost 5 times the width of the vehicle and the height is about 4
times. The virtual wind tunnel is more than 6 times the length of the vehicle to capture overall
flow patterns.

Figure 15: Virtual wind tunnel modeling (unit: inches)
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5.2 Mesh Modeling
Meshing is very important for accurate prediction through CFD analysis and efficient mesh
modeling saves a considerable amount of computational burden by reducing total run time.
Mesh modeling can be divided into two stages; surface mesh and volume mesh. Mesh models
used in STAR-CCM+ for the present study are surface remesher, prism layer mesher and
polyhedral mesher. After importing the geometry in STAR-CCM+ as a surface model, relative
tessellation is formed, which is processing the surface model into defined sized triangulated
segments. After this step, surface remesher creates the triangulations according to the defined
minimum surface size, target size and growth rate across the whole model. This lays out the
baseline for generating the volume mesh of the designated domains.
For volume meshing, polyhedral mesh model was chosen with default settings. Polyhedral
meshes can provide a balanced solution for complex geometries with conformal mesh
interfaces. By default settings in STAR-CCM+, polyhedral cells are created with polygons having
an average of 14 cell faces. The sequence of polyhedral mesh development starts from the
boundaries and gradually encroaches to the center of the volume. Based on the surface
remesher configuration, STAR-CCM+ applies built-in optimization algorithms to eliminate the
dual faces and maintain minimum surface quality threshold. In the next step, user-defined
growth rate and tet/polgon density shape the polyhedral mesh formation across the complete
domain. For showing the steps discussed above on mesh formation, Figure 14 shows the
transformation of one of the side mirrors from tessellation to volume mesh.
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(a) Tessellation of the imported surface

(b) Surface meshing

(c) Volume meshing
Figure 16: Mesh transformation of one side mirror
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The mesh distribution across the whole domain is presented in Figure 17 and Figure 18.
The concentration of mesh near the volume of interest is higher than the further regions. The
growth rate of the mesh formation is kept reasonably low since no controlled volume for mesh
concentration was used. This enabled the mesh modeling to capture external flow patterns in
parallel to the internal flow with better accuracy.

Figure 17: Mesh formation across the domain

Figure 18: Mesh growth across the domain
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Prism layer mesher is the option within STAR-CCM+ to capture the boundary layer effects
for the study. Prism layer mesher creates the near wall layers as defined by the thickness,
number of layers and stretching. Based on the turbulence modeling and near-wall boundary
layer correction, prism layers play a very crucial role to capture accurate results. In Figure 19,
volume mesh and prism layer formation are presented.

Figure 19: Prism layer formation
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The mesh modeling for the bluff-body and detailed-body was done with the intention to
be able to capture sufficient geometric details after mesh formation. Few of the factors defining
mesh configurations are the minimum cell size of the mesh, growth rate and prism layer
formation details. The mesh distribution in the full detailed-body car model is presented in
Figure 20 with transparent views.

a. Side view

b. Partial perspective view
Figure 20: Detailed-body volume mesh
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The selected mesh model values allowed capturing the geometric details of different
components in the detailed-body model. Figure 21 displays volume mesh of the radiator and
the fan.

a. Radiator

b. Fan
Figure 21: Radiator and fan volume mesh
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Prism layers were formed for each of the components in the detailed-body model
shown in Figure 22. For the interface definition of the multiple domains in the radiator, prism
layers were formed on either side the baffle in-place interface.

Figure 22: Detailed-body prism layer formation
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For grid independence test, seven mesh models were generated with different mesh
concentration. The number of volume cells for different mesh configurations used in the
present study are presented in Table 5. The majority of the cases run in the present study have
“Mesh_6” mesh configuration.
Table 5: Mesh – volume cells counts

Geometry

Bluff body

Deatailed
body

Mesh
Coolant
concentration domain
Mesh_1
Mesh_2
Mesh_3
Mesh_4
Mesh_5
Mesh_6
Mesh_7
Mesh_6
Mesh_6
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Not
Included

Included

Number
of
volume
cells
(million)
0.09
0.25
0.64
1.30
6.81
11.03
21.60
12.77
12.93

5.3 Physics Modeling
According to the user selection, STAR-CCM+ defines in the governing equations for a
particular problem in the physics model. These physics models are selected based on the
theoretical aspects of the simulation cases and enable the user to assign proper boundary
conditions as required. For the present study, the cases run in the numeric solver can be
categorized as single domain and multi-domain CFD modeling. Accordingly, the domain and
region definitions were declared in STAR-CCM+ and following physics models were selected for
the present study.


Steady



Three dimensional



Turbulent



K-epsilon turbulence



Realizable k-epsilon



Exact wall distance



Two-layer all y+ wall treatment



Gradient



Segregated flow



Segregated fluid enthalpy



Reynolds-averaged navier-stokes (RANS)
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5.4 Boundary Conditions
The CFD modeling in the present study is developed in a way that places the vehicle model
inside a virtual wind tunnel in the numeric solver. The ground was defined as moving at the free
stream speed and the vehicle is placed as a fixed entity with rotating wheels. These create the
relative road velocity phenomena or ground simulation in the solver environment. The virtual
wind tunnel inlet was assigned with free stream velocity at 0° yaw angle towards the vehicle
model and at 25° C temperature. The outlet was assigned as pressure outlet, which allows the
free stream to flow through the virtual wind tunnel volume. All the other surfaces are defined
as a wall with smooth surface conditioning. Figure 23 identifies the relative positioning of the
virtual wind elements.

Figure 23: Boundaries of the virtual wind tunnel (unit: inches)
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Air Stream has an average velocity of 87 mph, 70 mph, 50 mph, 30 mph at 0° yaw angle
towards the vehicle. To match the ground simulation conditions, the wheels are rotated at
required speed. To activate wheel rotation, the virtual wind tunnel was designed to expand
0.25 inch into the ground. This allowed making the wheel geometry isolated from the ground
assuming that this does not have significant effect on overall drag value. The diameter of the
wheels of the generic sedan model of the present study is 25 inch and a circumference of 78.54
inches. The corresponding radiator fan speed for the different vehicle speeds are listed in Table
7. The air properties are matched against a published report [22] and are listed in Table 7.
Table 6: Air-stream properties
Air density (kg/m^3)
Dynamic viscosity (Pa-s)
Molecular weight(kg/kmol)
Specific heat(J/kg-K)
Thermal conductivity(W/m-K)
Turbulent prandtl number

1.184
1.855E-08
28.966
1003.62
2.603E-02
0.9

Table 7: Ground simulation boundary conditions
Wheel diameter (inch) 25
Cicumference (inch)
78.540
Speed (mph)
Speed (inch/minute) Speed (rpm)
87
91872
3674.88
70
73920
2956.8
50
52800
2112
30
31680
1267.2
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The rotation axis of the wheels are presented in Figure 24 and the rotation direction is
assigned for the vehicle moving forward. The rotation axis of the radiator fan is illustrated in
Figure 25. The rotation direction of the fan is set to be counterclockwise when looked at the fan
from the front of the vehicle. This rotation direction was selected to induce positive suction of
air into the engine bay when the fan is rotating. The rotation of the fan is varied at 2000 rpm
and 1500 rpm.

Figure 24: Wheel rotation axes (unit: inches)

Figure 25: Fan rotation axis (unit: inches)
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To draw relevance to the study conducted by Khaled, M. et al. [40], water was selected as
the coolant in the present study. In the numeric solver water was defined as a liquid model with
constant density and its properties are listed in Table 8. Coolant (water) inlet temperature is set
at 60° C and flow rates for the present study are 8 liters/minute and 12 liters/minute [40]. As
the inlet diameter is 1.36 inch, equivalent inlet velocities were assigned to the radiator inlet
which are listed in Table 9.
Table 8: Coolant-water properties
Density (kg/m3)
Dynamic viscosity(Pa-s)
Specific heat(J/kg-K)
Thermal conductivity(W/m-K)
Turbulent prandtl number

997.561
8.887E-04
4181.720
0.620
0.9

Table 9: Coolant inlet flow velocity
Inlet diameter(inch)
Inlet cross section (m^2)
Flow rate (m^3/minute)
0.008
0.012
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1.36
9.372E-04
Velocity(m/s)
0.142
0.213

The multi-domain analysis required special modification to the radiator model and
placing it strategically with respect to the other components. This requirement raised from the
necessity of maintaining mass balance in the two domains. The design is carried out in a way
that reduces the footprint of the inlet and outlet pipes. The boundary conditions for the inlet
and outlet is presented in Figure 26 where a cross section slicing the radiator outlet is captured.

Ground

Radiator outlet line

Figure 26: Cross section at the radiator outlet – air domain side
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The exhaust manifold shown in Figure 27 is kept at 1000° C [9] to observe the effect of
higher temperature elements in the engine bay. Apart from the exhaust manifold and radiator
interface, all the other surfaces are defined as adiabatic to simplify the model. To closely mimic
the field conditions in numeric solver, each element in the simulation environments should
include appropriate boundary conditions for thermal nodes which are beyond the scope of the
present study.

Figure 27: Position of exhaust manifold in engine bay
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6. Validation
The validation process for the present study starts with mesh independence test for the
numeric solver models. After the CFD model passed the mesh independence test or grid
sensitivity test, all the cases were run in the numeric solver. Following up the reported drag
values were compared with published data to draw relevancy. The last step for this study was
to develop a scaled model to carry out wind tunnel tests. In this chapter, these steps are
described in the sequence they were carried out for the present study.
6.1 Grid Independence Test
Grid/mesh independence test shows that the results do not vary despite having different
mesh configurations for the same boundary conditions. In other words, the convergence and
the generated solutions for acceptable mesh models should be very similar irrespective of mesh
concentration under the identical boundary conditions. As the mesh concentration increases,
the accuracy of the simulation tends to increase as well. To determine the mesh configuration
for the present study, seven variations were selected with different mesh concentrations.
Table 10 enlists the drag coefficients for each of the mesh configurations. The grid
independence tests were carried out for the bluff body model at 87 mph at 0° yaw angle. From
the Figure 28 it can be observed that as the number of cells in the mesh models increased,
values for coefficient of drag decreased. “Mesh_6” mesh configuration was selected for the
present study because the drag coefficient did not vary more than 4% from the drag
coefficients of adjacent mesh configurations. Considering the available computational power,
the mesh representation of the geometric model for “Mesh_6” was accepted as good enough
mesh configuration for the present study.
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Table 10: Grid independence tests results
Mesh Volume cells
Drag
configur
(million)
coefficient
ation
Mesh_1
0.09
0.421
Mesh_2
0.25
0.390
Mesh_3
0.64
0.356
Mesh_4
1.30
0.326
Mesh_5
6.81
0.321
Mesh_6
11.03
0.313
Mesh_7
21.60
0.303

Grid independence test
0.450
0.400
0.350

Drag coefficient

0.300
0.250

0.200
0.150
0.100
0.050
0.000
0.00

5.00

10.00

15.00

20.00

Number of cells (millions)
Figure 28: Grid independence tests - drag coefficients
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25.00

6.2 Published Reports
In a study by Hupertz B. et al. published in the book by Wiedemann, J. (Ed.) [22] a generic
DrivAer model is described. The focus of that study was to introduce full-scale open cooling for
this generic model in numerical solver and in the experimental setup. Ford Motor Company
conducted the research across different branches from Germany, Australia and Brazil with
affiliation to two institutes in Germany. As a part of it, a 1:1 scale model was built and tested at
a wind tunnel facility by Ford Motor Company. In addition to this, a numeric analysis was
carried out in the same solver platform, STAR-CCM+. The experimental setup in this study by
Hupertz B. et al. [22] reported a drag coefficient of 0.263 and numeric solver reported in a drag
coefficient of 0.284. To determine the drag coefficient for the detailed body of the present
study, it was simulated with very similar boundary conditions. Boundary conditions included
single domain analysis of air stream with no heat transfer modeling, no ground simulation,
static wheels and static radiator fan.
According to the 2012 Camry product information by Toyota [53], the drag coefficient of
drag is reported to be 0.280. Figure 30 shows the drag coefficient comparison between the
present study, Toyota Camry and for the DrivAer model. The drag coefficient value for the
generic model developed in the present study is 5.357% more than the Toyota Camry model
and about 3.873% more than the DrivAer model’s reported drag coefficient.
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Table 11: Drag coefficient of published reports and present study

Drag
coefficient

Study

Present Study
Toyota CAMRY 2012
DrivAer Model

0.295
0.280
0.284

Drag coefficient of Published Reports and Present Study
0.350

Drag Coefficient

0.300

0.280

0.295

0.284

0.250
0.200
0.150
0.100

0.050
0.000

Present Study

Toyota Camry

DrivAer model

Figure 29: Drag coefficient of published reports and present study
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6.3 Wind Tunnel Test
The wind tunnel model used for the present study is an educational wind tunnel
manufactured by AEROLAB LLC. This particular model has a suction fan with open circuit design
for the test section and low speed (< 0.4 Mach) subsonic capability. The air pressure and
temperature are kept at the atmospheric level and fluctuating ambient conditions affect the
free stream air. In the open circuit wind tunnel, noise from the drive fan is also included in the
study. In addition to this, the wind tunnel required modifications of test section floor to
accommodate the test pitot tubes to be placed and to mount the test piece. Specifications of
the wind tunnel are listed in Table 12.
Table 12: Wind tunnel specifications [54]
Test section (inch ^3)
12 X 12 X 24
Air speed range (mph)
10 ~ 145
Turbulence level
Less than 0.2%
Length (feet)
15
Width (in)
42
Height (feet)
6
Power - electric motor (hp)
10

To reduce the turbulence, two 20 X 20 (mesh) screens made of 0.009” (0.23 mm) diameter
stainless steel wire is placed at the inlet of the wind tunnel. The contraction ratio is 9.5:1 with a
bellmouth design. From the wind tunnel setup used for the present study, only pressure drag
can be measured which accounts for roughly 80% of the overall drag [55]. The wind tunnel test
setup involves a wake rake, which has 18 orifice probes. The wake rake is connected with a
manometer bank and measures the pressure in the wake zone of the scaled model in the wind
tunnel test section [54].
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With the existing setup, the wind tunnel was run at maximum speed and during the
experiment test section, velocity was calculated to be 83.271 mph which was equivalent to
3.642 mph for the full-scale model as the scaled model was designed at 5% blockage ratio. As
the scaled model was very small compared to the full-size model, the wind tunnel test section
speed needed to be very high to match the other cases in the numeric solver. Therefore, a
feasibility study was conducted in the numeric solver to gauge how large of a model can be
tested in the available wind tunnel setup. In Figure 30, a comparison among geometric models
with different blockage ratios is shown. Here the car model was kept at full size and the virtual
wind tunnel cross section was sized to the match the blockage ratio.

Figure 30: Models with different blockage ratio (unit: inches)
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The drag coefficients obtained from this feasibility study resulted in very promising drag
coefficient prediction model which is shown the Figure 31. Due to the available 3D printer-bed
size limitation, larger scaled models needed to be 3D printed as multiple parts and joined after
removing support materials. Considering the complexity for designing the model accordingly
and 3D printing time required for the complete scaled model, 5% blockage ratio was selected
for experimental test purpose.

y = 1E-05x3 - 9E-05x2 + 0.0099x + 0.2658
R² = 0.9999

Drag coefficient

Drag coefficient vs blockage ratio
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

5

10

15

20

25

30

Blockage %

Figure 31: Drag coefficient vs blockage ratio
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The 3D printed model is scaled at 1:22.85 to meet 5% blockage ratio. The resolution of the
3D printer used to make the scaled prototype was 0.25 mm and used dissolvable support
material. The material used for the 3D printing is ABS and printing method was FDM or fused
deposition method.
To reinforce the scale model and to be able to fix this to the wind tunnel test section, minor
modifications such as strengthening the joints and adding extruded threaded inserts were
adopted. The extruded inserts are positioned in the rear wheels in a fashion that no obstruction
apart from the wake rake is present in the test section. In addition to this, the 3D printed model
was made hollow in lieu of solid to reduce required printing time. After the 3D printing, the
model was placed in a chemical bath to remove the support materials.
As the 3D printed models are porous in nature, the gaps needed to be sealed before the
wind tunnel test. Plastic metal paste was used to fill in the gaps in the 3D printed surface. After
repetitive polishing and applying the paste, thinner was sprayed and polished again with
different sandpaper with different grit numbers. Figure 32 displays few steps during the 3D
printed model preparation for the wind tunnel test.
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Figure 32: 3D printing and model preparation
To place the model in the wind tunnel and carry out test runs, the test section was covered
with masking tape and the top lid was manufactured to insert the wake rake. These steps
ensured there was no obstruction in the test section after placing the scaled model in place. In
Figure 33, the test section mounting plate is shown at an initial condition along with different
views after placing the scaled model.
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Figure 33: Placing model in the test section
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After placing the scaled model, measurements were taken so that a modified top lid for
the test section can be built to place the wake rake at 0.5” above the test section plate and 0.5”
behind the rear surface of the car. This positioning can be related to the plots (Figure 38 and
Figure 39) in the Chapter 7. The aim was to measure the pressure drop occurring in the wake of
the car. The modified top lid section allowed vertical adjustment of the wake rake and the
setup as shown in Figure 34.

Figure 34: Modified top lid and wake rake placement
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At the beginning of the test when the test section velocity was 0 mph, the manometer
bank reading was at 0 inch reading. As the maximum speed was achieved in the test section at
83.197 mph, the water columns in the manometer bank raised due to the negative pressure in
the wake of the model. The manometer readings and experimental data from the experiment
are shown in Table 13.
Table 13: Experimental data collection
Density of liquid (kg/m3)
997.561
Temperature ( Celcius )
25
Density of air (kg/m3)
1.184
Gravitational acceleration (m/s2)
9.81
Large manometer height (inch)
3.3
Test section velocity (mph)
83.221
Application model speed(mph)
3.642
Wake rake readings
Column
Manometer bank readings (inch)
No
Run 1
Run 2
Run 3
Average
1
4.20
4.10
4.00
4.10
2
4.20
4.10
4.00
4.10
3
4.20
4.10
3.90
4.07
4
4.10
4.00
3.90
4.00
5
4.10
4.00
3.90
4.00
6
4.00
3.90
3.80
3.90
7
3.90
3.90
3.80
3.87
8
3.90
3.90
3.70
3.83
9
3.90
3.90
3.70
3.83
10
3.90
3.80
3.70
3.80
11
3.90
3.80
3.70
3.80
12
3.90
3.80
3.70
3.80
13
4.10
3.90
3.80
3.93
14
4.10
3.90
3.80
3.93
15
4.10
3.90
3.80
3.93
16
4.10
3.90
3.80
3.93
17
4.10
3.90
3.80
3.93
18
4.10
3.90
3.80
3.93
Average
3.93
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A larger manometer is installed with the wind tunnel setup to measure the upstream
and downstream pressure difference. The difference was found to be 3.3 inch for all the
experimental runs. From equation (16), the test section velocity was found which is the scaled
model velocity according to similitude.
2𝑔∆ℎ (𝜌𝑚 − 𝜌)

𝑣 = √

Where,

(16)

𝜌

g = 9.81 ms-2
Δh = 3.3 inch = 0.084 m
ρm = 997.561 kgm-3
ρ = 1.184 kgm-3
𝑣 = 𝑣𝑚𝑜𝑑𝑒𝑙 = 37.203 𝑚𝑠 −1

So,

The rise in the manometer bank represents negative pressure for the present study.
From the manometer bank, each test run generated 18 readings and the average rise in the
water columns was 3.93 inch. In other words, in the wake of the car model in the wind tunnel
test section, a negative pressure zone was measured to be equivalent to 3.93 inch water
column.
So,

hrake = 3.93 inch
hwm = 3.30 inch

From equation (18), we obtain Cp = 0.190
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From equation (19) for the 5% scaled model we obtain
𝑣𝑚𝑜𝑑𝑒𝑙 = 𝑣𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 × 22.852
From Table 13,
= 37.203 𝑚𝑠 −1

(𝑣∞ )𝑚𝑜𝑑𝑒𝑙

= 83.221 mph

(𝑣∞ )𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 1.628 𝑚𝑠 −1

= 3.642 mph

𝜌∞ = 1.184 𝑘𝑔𝑚−1
From equation (17), we obtain, Δpmodel = 155.859 Pa
Hence, Fmodel = Δpmodel X Amodel
where, Amodel = Frontal projection area of the scaled model = 0.0045 m2
So, Fmodel = 0.702 N
From equation (20)

Fapplication = Fmodel = 0.702 N

Derived from the equation (1) for the application model,
𝐹𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝐶𝐷 ×

1
2

× 𝜌∞ 𝑣𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 2 × 𝐴𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛

(22)

Here, Aapplication = Frontal projection area of the full scale application model = 2.35 m2
Therefore, from equation (22), we obtain the pressure drag coefficient, CD = 0.310
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In Figure 35, a comparison between overall pressure drag values from the numerical solver
and wind tunnel test are plotted. The numeric solution deviates from the experimental data by
12.69%. The sources of error can be traced back to the wind tunnel test setup and instruments.
The wake rake is supposed to measure the pressure in the wake of the scaled model and to
accurately do so the probes in the rake must be aligned with the inlet flow direction. Due the
extended drop of the wake rake in the test section, the wake rake got bent when the maximum
test section speed was achieved. Anohther issue was the placement of the wake rake in the
wake zone. At the test section speed of 83.221 mph the initial placement of the wake rake got
shifted. The resolution of the manometers used for the study was 0.1 inch and it can also a
source of error for the calculated pressure drag from the experimental study.

Experimental validation - overall pressure drag
0.3500
0.310

Pressure drag coefficient

0.3000

0.271

0.2500
0.2000
0.1500

0.1000
0.0500
0.0000

Experimental

Numerical

Figure 35: Experimental validation - overall pressure drag
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7. Results and Discussion
In this chapter, the reports generated from the present study are organized in the order of
the effect of vehicle speed, the effect of coolant flow rate and effect of radiator fan rotation.
These are followed by the analysis of flow structure by streamline generation. In the last
segment of this chapter, the drag values are presented in contrast with each other to draw a
comparison.
7.1 Effect of Vehicle Speed
The numeric solution for bluff body and detailed body models are carried out at different
stream velocities where the ground simulation was included. The first set of simulations in this
chapter would be the bluff body cases (simulation number 14, 15, 16 and 17) where wheels are
rotated and the ground is moving at stream velocity. All of these simulations resulted in very
similar pressure distribution across the geometry.
Figure 36 shows the pressure coefficient distribution for simulation 14. Simulation 14 is for
the bluff body model with rotating wheels at 87 mph. Notice that, a portion of the front of the
grille section and the side mirrors have the highest value of pressure coefficient. In general, the
leading surface areas which meet stream first create stagnation points; resulting in highpressure zones. On the other hand, at comparatively sharp corners where a sudden change in
geometry occurs, lower pressure coefficients are observed. This happens because of the
sudden geometry change, the streams tend to go around the corners at a higher velocity to fill
up the negative pressure zones. These phenomena can be related to Bernoulli’s equation of
total head of the fluid. In general, this pressure coefficient distribution is an indicator of the
overall pressure distribution on the car surface.
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Figure 36: Pressure coefficient – simulation 14
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Plane x = 0 shown in Figure 37(a), dissects the vehicle at the geometric middle across
the whole simulation domain. In Figure 37, the pressure distribution at x =0 for the bluff body
with rotating wheels is presented for different vehicle speeds. It is noticed that as the air
stream velocity increases, the footprint of a high-pressure zone enlarges in front of the car. The
zone on top of the passenger cabin also significantly changes as the speed changes. These
changes in pressure zones leave a trail of distinctive pressure zone in the wake of the vehicle.
As the stream velocity increases, the pressure zone in the wake becomes more prominent.

a. Plane x = 0

b. Simulation 14

c. Simulation 15

d. Simulation 16

e.Simulation 17

Figure 37: Pressure plots at x = 0 for bluff body model
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The absolute pressure plots (Figure 38) on plane x=0 for the same cases presented in Figure
37 show the wake zone footprint for the four-speed levels. It is clear that higher speed leaves a
bigger wake zone impression, ultimately leading to vortex formation.

a. Simulation 14

b. Simulation 15

c. Simulation 16

d. Simulation 17

Figure 38: Absolute total pressure plots at x=0 for bluff body model
87

The velocity plots (Figure 39) for the same cases (as Figure 38) on the plane x = 0
confirm the vortex formation in the wake zone. It is to be noted that at higher speed the wall
separating the vortex core from the stream velocity gets thinner. This phenomenon is
understandable from the point that at higher stream velocity, increased pressure difference
induces more unstable flow conditions. Thus, the likelihood of flow separations increases.

a. Simulation 14

b. Simulation 15

c. Simulation 16

d. Simualtion 17

Figure 39: Velocity plots at x-=0 for bluff body model
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Figure 40 illustrates the pressure plots at x = 0 plane for the detailed body at different
vehicle speeds where the wheels and radiator fan is rotating. In these cases (simulation number
19, 20, 21, 22), the coolant flow rate is 8 liter/minute and radiator fan speed is 2000 rpm. These
plots resemble Figure 37 closely. It is noticeable that the pressure zones stretch into the engine
bay and leave impressions on the surrounding pressure zones, specially in the underbody.

(a) Simulation 19

(b) Simulation 20

b. Simulation 21

(d) Simulation 22

Figure 40: Pressure plots at x-=0 for detailed body model
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Figure 41 illustrates the absolute pressure plots at x = 0 plane for the same cases
presented in Figure 40. Surprisingly, for 30 mph an anomaly is observed in the wake zone of the
vehicle in the form of a larger low-pressure zone compared to the other cases in Figure 41.

(a) Simulation 19

(b) Simulation 20

(c) SImualtion 21

(d) SImualition 22

Figure 41: Absolute pressure plots at x-=0 for detailed body model
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Figure 42 presents the velocity plots for the simulation cases presented in Figure 41.
These plots confirm the larger vortex formation for 30 mph (Simulation 22).

(a) Simulation 19

(b) Simulation 20

(c) Simulation 21

(d) Simulation 22

Figure 42: Velocity plots at x-=0 for detailed body model
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Figure 43 presents the velocity plots with a closer view of the engine bay flow patterns at
x=0 plane from Figure 42. At lower vehicle speed, radiator fan rotation is the main drive force
for the airflow through the engine bay while at higher vehicle speed, radiator fan play in chorus
with the incoming air stream to push airflow through the engine bay. As a result, larger
recirculation zone and vortices are formed inside the engine bay at lower vehicle speeds.

(a) Simulation 19

(b) Simulation 20

(c) Simulaiton 21

(d) Simulation 22

Figure 43: Velocity Plots at x-=0; engine bay of detailed body model
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Figure 44 shows the temperature plots at x=0 plane for the cases presented in Figure 43. It
is to be noted that for 30 mph the stream temperature in the wake zone follows the pattern of
the vortex formation shown in Figure 42. The heat signature confirms that the airflow towards
the vortex core in the wake of the car is formed by the air that passes through the engine bay.

(a) Simulaiton 19

(b) Simulation 20

(c) Simulation 21

(d) Simulaiton 22

Figure 44: Temperature plots at x-=0 for detailed body model
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7.2 Effect of Coolant Flow Rates
Figure 45 shows the temperature distribution of the radiator interface for different
vehicle speeds and different coolant flow rates. Coolant flow rates are 8 liter/minute and 12
liter/minute while the radiator fan is rotating at 2000 rpm for all of these cases. It is noticeable
that for lower vehicle speeds the temperature distribution deteriorate. At the same time, the
temperature drop on the left side of the radiator is significantly higher than the right side.
Similarly for 12 liter/minute coolant flow rate cases, the interface shows improved temperature
distribution as the vehicle speed increases. At the same time, contrast of temperature plots for
simulation 19 and simulation 26 show that the temperature distribution is a combined effect of
the coolant flow rate and vehicle speed.
Figure 46 shows a comparison of the heat transfer coefficient distribution on the
radiator interface. These distributions are on the air-stream side of the radiator interface and is
almost similar for same vehicle speed. Coolant flow rate seems not to affect the heat transfer
coefficient significantly while vehicle speeds tend to have slight influence.
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a. Simulation 19

b. Simulation 23

c. Simualiton 20

d. Simulation 24

e. Simulation 21

f. Simulation 25

g. Simulation 22

h. Simulation 26

Figure 45: Temperature plots on radiator interface at 2000 rpm fan speed
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a. Simulation 19

b. Simulation 23

c. Simualiton 20

d. Simulation 24

e. Simulation 21

f. Simulation 25

g. Simulation 22

h. Simulation 26

Figure 46: Heat transfer coefficient for at 2000 rpm fan speed
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7.3 Effect of Radiator Fan Rotation
Figure 47 shows the temperature distribution of the radiator interface for 8 liter/minute
coolant flow rate at different vehicle speeds. The radiator fan speeds are 1500 rpm and 2000
rpm. Both fan speeds result in very similar temperature distribution and as the vehicle speed
increases, the temperature distribution tend to improve.
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a. Simulation 19

b. Simulation 27

c. Simualiton 20

d. Simulation 28

e. Simulation 21

f. Simulation 29

g. Simulation 22

h. Simulation 30

Figure 47: Temperature plots on radiator interface at 8 liter/minute coolant flow rate
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7.4 Flow Structures Analysis
For the present study, the flow structure was developed for both external and internal flow
volume. In Figure 49 three planes were selected for streamline generation, which are parallel to
the ground. The planes were defined at different heights from the ground with respect to the
vehicle height.

(a)

(a) y= 0.125H

(c) y=0.250H

(d) y=0.375H

Figure 49: Planes parallel to ground
The streamlines are of special interest because they reveal the three dimensional flow
topology around the volume of interest. From the streamline, vortex formation, flow sepearation
and recirculations can be observed which is a part of the present study.
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Streamlines for simulation 19 are presented in Figure 50, Figure 51 and Figure 52. These
streamlines show the flow structure developed around the detailed-body models with wake
zone shapes. Also, these three levels of streamlines roughly show the flow in the underbody,
through the engine bay and over the vehicle. In Figure 53 and Figure 54, the chaotic flow patern
inside the engine bay is partially captured.

a. Plane y=0.125H

b. Plane y=0.25H

c. Plane y=0.375H

Figure 50: Streamlines – simulation 19
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a. Plane y=0.125H

b. Plane y=0.25H

c. Plane y=0.375H

Figure 51: Streamlines – top view – simulation 19
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a. Plane y=0.125H

b. Plane y=0.25H

c. Plane y=0.375H

Figure 52: Streamlines – isometric view of wake zone – simulation 19
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a. Transparent isometric view

b. Transparent side view

c. Top view (car body removed)

Figure 53: Streamlines;Y=0.25H plane – simulation 19
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a. Isometric view

b. Front view

c. Back view

Figure 54: Streamlines from y=0.25H plane – simulation 19
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In Figure 55, a comparison is drawn between the flow structures of 8 liter/minute and 12
liter/minute coolant flow rate with coolant stream velocity plots. This shows that comparatively
larger flow volume is occupying the right side of the radiator where higher temperature
distribution is observed. The formation of internal vortices and recirculation leads to poor
radiator performance.

a. Simulation 19

b. Simulation 23

Figure 55: Radiator coolant flow structures
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7.5 Near Wall Boundary Treatment
Higher stream velocity creates unstable conditions for treating of the near wall
boundary layers. At the same time, sliding mesh results in poorer capture of the near wall
boundary conditions. In Figure 58, wall y+ plots are shown for the simulation number 14, 15, 16
and 17. Lower value of wall y+ indicates an accurate solution and near wall boundary
treatment.

a. Simulation 14

b. Simulation 15

c.

d. Simulation 17

Simulation 16

Figure 58: Wall Y+ distribution for bluff body cases at different speeds
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7.6 Drag Coefficients and Cooling Drag Coefficients
Table 14 enlists the drag coefficient values for each simulation and corresponding cooling
drag values if applicable.
Table 14: Drag coefficients and cooling drag coefficients
Objective

Grid
Independence
Test

Wind Tunnel
Feasibility
Analysis

Determining
Drag Value
Validation
against
Published
Data
Cooling Drag
and Vehicle
Speed Effect
Coolant Flow
Rate Effect

Fan Rotation
Effect
Experimental
Validation

Simulation
No.

Drag
Coefficient

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

0.421
0.390
0.356
0.326
0.321
0.313
0.303
0.368
0.425
0.501
0.610
0.741
0.914
0.278
0.284
0.290
0.286

Cooling
Drag
Coefficient
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A
N\A

18

0.295

0.017

19
20
21
22
23
24
25
26
27
28
29
30
31

0.301
0.297
0.297
0.465
0.297
0.295
0.306
0.475
0.304
0.303
0.300
0.496
0.310

0.023
0.013
0.007
0.179
0.019
0.011
0.016
0.189
0.026
0.019
0.010
0.210
N\A

32

0.271

N\A
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In Figure 59, the overall drag coefficients for the bluff-body models are plotted against
the vehicle speed. It is observed that the overall drag value for the bluff body model stays
relatively same for the vehicle speeds applied in the present study. These values will be used in
the equation (2) to determine cooling drag value for each case of the detailed body model.

Bluff-body at different vehicle speeds

Overall drag coefficient

0.350
0.300
0.250
0.286

0.284

0.290

0.278

0.200
0.150
0.100
0.050
0.000
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Vehicle speed (mph)
Figure 59: Overall drag coefficients – simulation 14, 15, 16, 17
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In a similar fashion, Figure 60, Figure 61 and Figure 62 plot the overall drag coefficients
for all the other cases for different vehicle speeds.

Detailed-body at different vehicle speeds
8 liter/min - 2000 rpm
0.600

Overall drag coefficient

0.500

0.465
0.400

0.300

0.297

0.297

0.301

0.200

0.100

0.000
25

30

35

40

45

50

55

60

65

70

75

80

85

Vehicle speed (mph)
Figure 60: Overall drag coefficients – simulation 19, 20, 21, 22
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Detailed-body at different vehicle speeds
12 liter/minute - 2000 rpm

Overall drag coefficient

0.600
0.500
0.475

0.400
0.300

0.306

0.200

0.295

0.297

0.100
0.000
25

30

35

40

45

50

55 60 65 70 75
Vehicle speed (mph)

80

85

90

95 100

Figure 61: Overall drag coefficients – simulation 23, 24,25, 26

Detailed body at different vehicle speeds
8 liter/min - 1500 rpm
0.600
0.496

Drag Coefficient

0.500
0.400
0.300

0.304

0.303

0.300
0.200
0.100

0.000
25

30

35

40

45

50

55 60 65 70 75
Vehicle speed (mph)

80

85

Figure 62: Overall drag coefficients – simulation 27, 28, 29, 30
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In the Figure 63, all the drag coefficient values are plotted where it can be noticed that
the drag coefficient values for 30 mph for the detailed body models are particularly high. For
the other speed variations, the drag coefficients between detailed body model and bluff body
model are comparatively close.

Drag Coefficient Comparison
0.600

Drag coefficient

0.500
0.400
0.300
0.200
0.100
0.000
25

30

35

40

45

50

55 60 65 70 75
Vehicle speed (mph)

80

85

90

95 100

Detailed-Body-12 L/Min 2000RPM

Detailed-Body-8 L/Min 2000RPM

Bluff-Body

Detailed-Body-8 L/Min-1500RPM

Figure 63: Overall drag coefficients – simulation 27, 28, 29, 30
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As expected from Figure 63, cooling drag coefficients for the detailed body 30 mph
cases are exceptionally high compared to the other cases, which is shown in Figure 64.

Cooling drag coefficient comparison
0.250

Cooling drag coefficient

0.200
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0.100
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0.000
25
-0.050

30

35

40

45

50

55

60

65
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80

85

90

95 100

Vehicle Speed (MPH)
Detailed-Body-12 L/Min 2000RPM

Detailed-Body-8 L/Min 2000RPM

Detailed-Body-8 L/Min-1500RPM
Figure 64: Overall drag coefficients – simulation 27, 28, 29, 30
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8. Summary and Conclusion
In the present study, cooling drag was studied with variations of vehicle speed, coolant flow
rate and radiator fan speed. For this purpose, a unique geometric model was developed to
conduct multi-domain CFD analysis in the numeric solver. This geometric model was developed
with close relevance to the production vehicles of the sedan class. To reduce the computational
burden and accommodate the multi-domain analyses, this model was simplified to an extent.
The multi-domain approach enabled the present study to analyze the coolant flow behavior
inside the radiator in parallel to the airflow around the engine bay elements. Ground simulation
or moving grounds with rotating wheels are defined for each case which are tabulated in Table
3 and Table 4. Inside the engine bay of the detailed body model, the cooling module is
comprised of a radiator, radiator fan and a fan shroud. The radiator model used for the
presented work was simplified to define the interface between two domains; the air stream
domain and the coolant domain. The radiator fan was rotated at different rotation speed.
Another component in the engine bay representing the exhaust manifold was placed right next
to the radiator fan. This component was kept at elevated temperature to observe the heat
signature in the wake zone. This approach to study cooling drag revealed the complex
interactions of the cooling airflow through the engine bay. The stremalines presented in
Chapter 7 show the vortex formation and recirculation inside the engine bay. Also, due to the
rotating elements, vortex formations are observed in the overall flow structure.
As a part of the validation process, grid independence tests were carried out for different
mesh configurations. This particular test guided the selection for the mesh configuration used
in the numeric analyses in the present work. In addition, a comparison was drawn against the
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reported drag coefficient values of the sedan class vehicles [22, 53]. The experimental tests
were carried out with scaled model in the wind tunnel by AEROLAB LLC. The experimental value
for the pressure drag coefficient was larger than the numeric solution for the identical
boundary conditions.
The drag coefficients of the bluff body model were observed to be relatively same and close
to 0.28 for the range of vehicle speeds applied in the present study. The detailed body model
resulted in small increase in the drag coefficient values except for 30 mph cases. The resulting
cooling drag coefficients were found to be in the range of 2% to 9% of the overall drag
coefficients except for the 30 mph. For 30 mph cases the velocity plots revealed larger vortex
formation in the wake of the car compared to the other cases run with the detailed body model
in the present study. From the temprerature plots it was confirmed that the complex
interaction of different elements in the detailed body model contributed towards this
exception. As a result, the cooling drag coefficients were found to be exceptionally high and
about 40% of the overall drag coefficient.
From the pressure plots of the present work, it can be said that the pressure distribution in
the underbody for the detailed body model improved near the cooling air outlets compared to
the bluff body model. Inside the engine bay, the radiator fan added velocity to the incoming air
stream. At the same time, recirculation zones and vortex zones were observed in the engine
bay where the air temperature elevated. From the streamlines, it was clear that each element
in the detailed body model contributed to develop distinctive flow patterns in the wake zone.
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The coolant flow structures for different flow rates showed direct relation to the
temperature plots on the radiator interface. The radiator fan rotation speeds seemed to have
small influence in the overall drag coefficients. However, the rotation of wheels and moving
ground did increase the overall drag coefficients by 2% to 3% compared to the static wheels
and static ground case.
As a conclusion, it can be said that the methodology developed in the present study is an
effective approach to study the cooling drag of passenger vehicles. Mainly because, the
strategies involved in the present work can be adapted for other classes of ground vehicle. In
addition, as the study model facilitates the inclusion of multi-domain CFD modeling, it presents
a platform to explore the heat management aspects in the complex underhood geometry while
providing with valuable insights into the complex aero-thermal phenomena of cooling drag.
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9. Future Scope
CFD platform offers great flexibility in terms of case studies and that is why this work holds
a great potential to explore various aspects of cooling drag and heat management in the sedan
passenger cars. To establish this model as a well-accepted approach to study cooling drag, wind
tunnel experiments need to be carried out at larger test facility. Since the 30 mph cases were
found to generate exceptionally high cooling drag coefficients, more in depth analysis should be
carried out to validate along with experimental tests to support the numerical solution.
As an extension to the numeric solver activity, the following variations can be added to the
study which will surely draw a broader picture of the phenomena.
 Numerical simulation with different coolants and operating conditions.
 Multi-fan configurations, placements and extended range for rotational speed.
 Effects of yaw angles.
 Transmission outlet angles and inlet/outlet ratio.
 Analyzing inlet-outlet combinations and design concepts.
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